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Kir5.1/Kir4.1 heteromer; renal distal tubules; intracellular localization; PDZ domain THE INWARDLY RECTIFYING K ϩ channel subunit family (Kir) can be classified into four major groups: K ϩ transporters (Kir1.0/ 4.0 subfamily), background K ϩ channels (Kir2.0 subfamily), G protein-gated K ϩ channels (Kir3.0 subfamily), and ATP-sensitive K ϩ channels (Kir6.0 subfamily) (9) . K ϩ transporter members Kir1.1 and Kir4.1 are expressed in renal distal tubules and function as key molecules for renal ion transport (8, 25) . The functional loss of K ϩ transporters induces imbalance of not only potassium but also other ions such as sodium and proton, and mutation in the gene coding Kir1.1 causes Bartter's syndrome, which is characterized by hypokalemic alkalosis (7, 18) . Kir5.1, which does not belong to these major groups and does not form a functional K ϩ channel by itself, can form a functional channel through assembly with other proteins; e.g., heteromeric assembly with K ϩ transporters Kir4.1 and Kir4.2 (1, 14, 15, 20, 23, 24) , and assembly of homomeric Kir5.1 with a member of anchoring protein family, PSD-95 (19) . Intracellular modification changes functional activity of these channels and may take part in physiological regulation of ion transport. Acidification within the physiological range reduced the channel activity of Kir5.1/Kir4.0 heteromer (1, 14, 15, 20, 23, 24) , and protein kinase A-mediated phosphorylation of Kir5.1 inhibited the channel activity of Kir5.1/PSD-95 complex (19) .
In the previous report, we raised an anti-Kir5.1-specific antibody and showed that Kir5.1 could form a heteromer with a member of K ϩ transporters, Kir4.1, and function as an intracellular pH-dependent ion transporter in the kidney (20) . Using this antibody, we also showed that Kir5.1 assembled with PSD-95 in the brain (19) . However, the antibody we generated previously was not suitable for immunohistochemical analysis, and the precise intrarenal localization of Kir5.1 has not been clarified. Because other members of K ϩ transporters and several members of the anchoring protein family have been shown to be expressed in the kidney (17, 22, 26) , it is possible that Kir5.1 forms functional K ϩ channels in the kidney with the aid of these proteins (3, 14) . To evaluate this possibility, we examined the intrarenal expression of Kir5.1 mRNA by RT-PCR on dissected nephron segments and also at the protein level by immunohistochemical analysis by raising a new anti-Kir5.1-specific antibody. Furthermore, we evaluated the mechanism of intracellular localization of Kir5.1 in renal tubules, using Madin-Darby canine kidney (MDCK) cells as a model of renal epithelia.
MATERIALS AND METHODS
RT-PCR analysis. Microdissection of individual nephron segments and reverse transcription (RT) were performed as described previously (21) . The following nephron segments were microdissected: glomerulus (Gl), proximal convoluted tubules (PCT), proximal straight tubules (PST), medullary and cortical thick ascending limb of Henle's loop (MTAL, CTAL), distal convoluted tubules (DCT), and cortical, outer medullary, and inner medullary collecting ducts (CCD, OMCD, IMCD). Total RNA was extracted from cells by TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse transcribed (RT) with oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer by Superscript II RT (Invitrogen) at 42°C for 60 min. PCR was performed using rTaq (Takara Bio, Shiga, Japan). Detection of Kir5.1 expression was performed with primer pairs of a sense primer (5Ј-ATACTGGTGACTCTACTGGG-3Ј) and an antisense primer (5Ј-TCTCCTCCTGGTGTTGGTG-3Ј) on the following schedule: denatured at 95°C for 2 min and amplified by 50 cycles of 94°C for 15 s, 58°C for 30 s, and 72°C for 45 s. Detection of PSD-93 expression was performed with primer pairs of a sense primer (5Ј-AATATGAATTTGAAGAAATTAC-3Ј) and an antisense primer (5Ј-TAAGGATCAGTCATATAAAT-3Ј) on the following schedule: de-natured at 95°C for 2 min and amplified by 35 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 90 s. PCR reactions were also performed using a pair of ␤-actin primers as a control to adjust the uniformity of amplification. The number of templates for dissected tubules was adjusted according to the amount of ␤-actin cDNA amplified from each sample. The primers of ␤-actin span one intron to discriminate genomic DNA. The PCR products were analyzed by agarose gels and visualized by staining with ethidium bromide.
Gultathione S-transferase pull-down analysis. Gultathione S-transferase (GST) fusion proteins of PDZ proteins were constructed by subcloning PCR-amplified DNA fragments into pGEX-5 3 vector (Amersham Biosciences, Piscataway, NJ). The region from the first PDZ domain to the COOH terminus of PSD-93 or PSD-95 was fused to GST. Pull-down analysis was performed as previously described (19) .
Antibodies. Polyclonal anti-Kir5.1 antibody was raised in rabbits against the synthetic peptide NVDSKYPGYPPEHAIAEKR that corresponds to the 12-30th amino acids of Kir5.1 and affinity-purified as reported previously (20 were also PCR amplified. These PCR products were subcloned into mammalian cell expression vectors pCDNA3 (Invitrogen) and pEGFP-C1 (Clontech Laboratories, Palo Alto, CA) as described previously (19) . These plasmid vectors were transfected to HEK293T cells or MDCK cells by using LipofectAMINE 2000 (Invitrogen). For cotransfection of Kir4.1 with Kir5.1, five times more Kir4.1 cDNA was cotransfected with Kir5.1 cDNA (20) . Membrane preparation and microscopic observation were usually conducted 2-3 days after transfection.
Immunoblot analysis. An adult male Sprague-Dawley rat was anesthetized by ether and killed by decapitation, according to the regulations of the Animal Care Committee of Tohoku University Medical School. Membrane preparations of Kir4.1-or Kir5.1-transfected HEK293T cells and whole rat kidney were obtained as described previously (20) . The membrane proteins were solubilized in a lysis buffer containing 150 mM NaCl, 50 mM Tris ⅐ HCl (pH 7.4), 1 g/ml aprotinin, 100 g/ml PMSF, 0.02% sodium azide, 0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100. About 10 and 40 g of solubilized membrane proteins from HEK293T and rat kidney, respectively, were analyzed by Western blotting. The blot was incubated for 12 h at 4°C with a blocking buffer [80 mM NaCl, 50 mM Tris ⅐ HCl (pH 7.5), 5% (wt/vol) skim milk, and 0.2% Triton X-100] and then with the buffer containing the primary antibody (0.5 g/ml) for 12 h at 4°C. The blot was then incubated with the HRP-conjugated anti-rabbit IgG (1:5,000 dilution) for 1 h at room temperature. Enhanced chemiluminescence kit was used for detection (Amersham Biosciences).
Immunohistochemical analysis. An adult Sprague-Dawley rat was anesthetized according to the regulations of the Animal Care Committee of Tohoku University Medical School and then perfused transcardially with 0.9% saline and followed by 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.4). The specimens were immersed in 30% sucrose/0.1 M phosphate buffer. The sections were made at a thickness of 10 m with a cryostat and mounted onto gelatin-coated slide glasses. After incubation in PBS containing 0.05% Triton X-100 (PBST), the sections were then exposed to 5% normal goat serum for 30 min to block nonspecific staining. The sections were incubated with the first antibody at a concentration of 1 (for anti-Kir4.1) or 50 (for anti-NKCC2 and anti-NCC) g/ml followed by incubation with an excess (1:20 dilution) of Alexa Fluor 594 anti-rabbit IgG (FabЈ)2 to saturate the epitopes of the antibodies. After being washed extensively with PBS, the sections were subsequently incubated with anti-Kir5.1 at a final concentration of 1 g/ml, followed by incubation with FITC-labeled anti-rabbit IgG at a 1:100 dilution in 5% bovine serum albumin/PBST. The sections were washed three times with PBS and observed by confocal microscopy. The saturation of the precedent antibody was confirmed by preliminary experiments that did not detect any labeling with FITC by subsequent incubation with control rabbit IgG.
Confocal microscopic observation. MDCK cells were plated on polycarbonate Millicell transwell filters (Millipore, Bedford, MA), and after ϳ12 h incubation plasmid vectors were transfected. After the confluent growth was confirmed, MDCK cells were rinsed with PBS and fixed in 4% paraformaldehide (pH 7.4 with sodium phosphate). The sample preparation for confocal microscopic observation was performed as previously described (19) . Confocal microscopic observation of immunohistochemical sections and MDCK cells was performed on a model LSM 5 PASCAL (Carl Zeiss, Jena, Germany).
RESULTS

Expression of Kir5.1 mRNA in the kidney.
To clarify the mRNA expression of Kir5.1 in the kidney, we performed RT-PCR analysis on dissected nephron segments as described in MATERIALS AND METHODS. The samples of Gl, however, may have contained a distal end of CTAL and the beginning of DCT, because CTAL returned to its parental Gl and attached to the extraglomerular mesangium. More than three samples of each nephron segment were PCR analyzed with specific primer pairs of Kir5.1. The result of the amplification for each segment was semiquantitatively adjusted according to the amount of ␤-actin and summarized in Fig. 1 . The samples that had not been reverse transcribed before PCR were analyzed as negative controls, and the plasmid containing cDNA of Kir5.1 was PCR-amplified as positive control. An expression of Kir5.1 mRNA was detected in the samples of Gl, DCT, and CCD (lanes 1, 6, and 7 in Fig. 1 , top, respectively), and a weak expression was also detected in the samples of CTAL (lane 5, top). Amplification by 15 more cycles of PCR detected an expression of Kir5.1 mRNA in the samples of MTAL but not PCT, PST, OMCD, and CCD (Fig. 1, bottom) .
Characterization of anti-Kir5.1 antibody. To examine the distribution of Kir5.1 more precisely at a protein level, we raised a polyclonal antibody against a synthetic peptide corre- sponding to a part of the NH 2 terminus of Kir5.1. After affinity purification, we characterized this antibody by immunoblotting ( Fig. 2A) . The antibody (anti-Kir5.1 antibody) recognized a single band in the lysate of HEK293T cells transfected with Kir5.1. The size of this band was around 49 kDa, which is the predicted size of Kir5.1 (lane 2 in Fig. 2, top) . The band of the same size was also detected in the lysate from the membrane fraction of rat kidney (lane 3 in Fig. 2, top) . No bands were detected in the lysate from HEK293T cells transfected with Kir4.1 (lane 1 in Fig. 2, top) . Preincubation with the excess amount of antigenic peptide completely blocked the immunoreactivity of the anti-Kir5.1 antibody with these bands (Fig. 2,  bottom) . The specificity of the anti-Kir5.1 antibody was further analyzed with immunocytochemistry (Fig. 2B ). Kir5.1 expression in HEK293T was detected diffusely in the cytoplasm with the anti-Kir5.1 antibody (Fig. 2B, left) , but no immunoreactivity was detected in the cells transfected with control plasmid vector (Fig. 2B, right) .
Intrarenal localization of Kir5.1. Using this anti-Kir5.1-specific antibody, we examined the colocalization of Kir5.1 with Kir4.1 in rat kidney with an immunofluorescent method (Fig. 3) . A positive immunoreactivity of Kir5.1 was observed in cortex and outer medulla, but not in inner medulla (Fig. 3A,  left) . The immunoreactivity in the medullary region was faint, and the intensity of immunofluorescence increased as tubules went into the cortical region (white arrowhead). The strongest immunoreactivity was detected in the tubules near the vascular pole of Gl, but no apparent immunoreactivity was observed in the intraglomerular area. As shown at higher magnifications, the immunoreactivity of Kir5.1 was observed near the basolateral side in these segments (Fig. 3B) . Each epithelium in these renal tubules showed broad rather than thin linear immunoreactivity of Kir5.1 near the basolateral side, but no apparent immunoreactivity was detected on the luminal side. This diffuse immunoreactivity of Kir5.1 near the basal side is thought to reflect the tangled invagination of basolateral membrane in this nephron segment. A positive immunoreactivity of Kir4.1 was also observed in the same nephron segments (Fig. 3, A and B, middle) and colocalized with Kir5.1 in these nephron segments as prominently shown by yellow signal in the merged view (Fig. 3, A and B, right) .
The immunoreactivity of Kir5.1 was detected in the nephron segments that express NKCC2 or NCC on the luminal side of epithelia (Fig. 3C ). Kir5.1 did not colocalize with these luminal transporters in TAL and DCT, as shown in the merged views. These results confirmed expression of Kir5.1 on the basolateral side of distal tubules from MTAL to DCT. Especially, the immunoreactivity of Kir5.1 was detected in macula densa (MD) at the vascular pole of the glomelurus (white arrowhead in Fig. 3C, top) .
Kir4.1-induced clustered distribution of Kir5.1 in MDCK cells. The underlying mechanism for intracellular localization of Kir5.1 channel was further examined by an in vitro expression system. We used MDCK cell as a model of renal epithelium, because it is a mammalian cell-line derived from renal epithelium. Kir5.1 to which green fluorescent protein (GFP) was tagged at the NH 2 terminus (G-Kir5.1) was transiently expressed in MDCK cells, and its intracellular distribution was observed after the confluent growth and sheet formation of cells were established (Fig. 4A) . When G-Kir5.1 was expressed Fig. 3 . Intrarenal localization of Kir5.1 in rat kidney. A: localization of Kir5.1 in rat kidney was observed by using the anti-Kir5.1-specific antibody. The strong immunoreactivity of Kir5.1 was detected in the cortex. Weak immunoreactivity was also observed in outer medulla, and the immunoreactivity increased as the tubules went into cortex (arrowhead). Scale bar: 100 m. B: higher magnification of cortex and outer-inner boundary indicates localization of Kir5.1 near the basal side of the tubules at the vascular pole of glomerulus. The immunoreactivity was detected not linearly on the basal membrane but diffusely near the basal side of epithelia, which is postulated to reflect the tangled invagination of basolateral membrane in this nephron segment. G, glomerulus; OM, outer medulla; IM, inner medulla. Scale bar: 100 m. C: precise localization of Kir5.1 in distal tubules was shown using anti-NKCC2 or NCC antibody as a marker. The immunoreactivity of Kir5.1 was detected diffusely near the basal side of distal tubules from CTAL including macula densa cells (white arrowhead), where NKCC2 is expressed on the apical side (top), to DCT, where NCC is expressed on the apical side (bottom). Scale bar: 20 m. alone, it was localized diffusely in the cytoplasm, while GFP tagged Kir4.1 (G-Kir4.1) showed dominant clustered distribution on cell surface. When G-Kir5.1 was cotransfected with Kir4.1, clustered distribution of G-Kir5.1 could be observed on cell surface in about 10% of cells that expressed G-Kir5.1 (G-Kir5.1ϩKir4.1). This indicates that heteromer formation with Kir4.1 can locate G-Kir5.1/Kir4.1 heteromer on the intracellular transport system to the cell surface.
The above patterns of the intracellular distribution of Kir channels in MDCK cells suggest that some signals of Kir4.1 determine intracellular localization of these channels. To identify these signals, intracellular distribution of the COOHterminal (CT) deletion mutants of Kir4.1 was examined (Fig.  4A) . Only the deletion of a PDZ domain (PSD-95/Dlg/ZO-1 also known as Disc-Large Homology Repeats or GLGF repeats)-binding motif (SNV) (G-Kir4.1⌬CT3) changed the intracellular distribution of Kir4.1, and the mutant channel showed perinuclear clustered distribution. This change of intracellular localization by deletion of the PDZ binding motif indicated that some anchoring proteins containing PDZ domain(s) determine cell-surface localization of Kir channels in renal epithelia. Interestingly, further deletion of 102 amino acids from the COOH terminus diminished the perinuclear clustered distribution and induced diffuse cytoplasmic distribution (G-Kir4.1⌬CT105).
Because PSD-93, a member of PDZ domain-containing anchoring proteins, was reported to be expressed on the basolaterel side of renal tubules including CTAL and DCT, we examined the possible role of PSD-93 for the cell-surface localization of Kir4.1 in MDCK cells (Fig. 4B) . Although expression of PSD-93 in MDCK cells was detected by RT-PCR analysis (Fig. 4B, left) , GST pull-down analysis revealed no direct interaction between Kir4.1 and PSD-93 (Fig. 4B,  right) .
DISCUSSION
The intrarenal distribution of Kir5.1 according to the results of the present study is summarized in Fig. 5 . Although we could not detect Kir5.1 mRNA expression in renal tubules of outer medulla in lower amplification of PCR analysis, we could detect the expression by additional amplification in MTAL but not PST and OMCD. Considering this result of RT-PCR analysis, the corresponding nephron segments that showed faint positive immunoreactivity of Kir5.1 in the outer medullary area would be MTAL that begins from the outer-inner boundary. As indicated by the immunoreactivity and the semiquantitative PCR analysis, the amount of expression increased as the tubule approached its parent Gl. The strongest expression was detected near the vascular pole of Gl in the final portion of CTAL, which includes MD, and DCT.
As the RT-PCR analysis detected expression of Kir5.1 in CCD, Kir5.1 may be expressed in the early segment of CCD where we did not describe the distribution of Kir5.1 on the immunohistochemical analysis. The immunoreactivity of Kir5.1 would be detected in the early segment of CCD on the immunohistochemical analysis, because the epithelium from DCT to CCD is known to be continuous and the cells that show typical characters of DCT are also located in the early segment of CCD (10). We could not describe this localization of Kir5.1 in the early segment of CCD, because the epithelium in the early segment of CCD is difficult to distinguish from DCT in thin slice sections.
Although the RT-PCR analysis detected the expression of Kir5.1 in the microdissected samples of Gl, no apparent immunoreactivity of Kir5.1 was detected in the intraglomerular area. We think the detection of Kir5.1 expression in RT-PCR analysis reflects the contamination of the distal end of CTAL and the beginning of DCT. Structurally, the distal tubule returns to its parent Gl and is attached to the extraglomerular mesangium at the vascular pole (10) . It is technically difficult to completely separate this tubular segment, especially MD at the end of CTAL, from Gl. Therefore, the dissected samples of Gl contained a part of CTAL and DCT including MD that is attached to the extramesangial matrix at the vascular pole of Gl. Even small pieces of contamination of attached tubular segments would be enough to be moderately detected from microdissected Gl samples in the RT-PCR analysis. The result of immunohistochemistry that shows strong immunoreactivity of Kir5.1 in MD supports this notion.
Previous studies on intrarenal localization of Kir4.1 have shown its immunoreactivity on the basolateral side of epithelia from DCT to the early segment of CCD (8) . We could also detect the immunoreactivity of Kir4.1 in these nephron segments using the antibody that was raised against the different part of Kir4.1 from the antibody used in the previous report. Using this antibody, we could also detect faint immunoreactivity in other nephron segments that are deduced to be MTAL and CTAL. This discrepancy probably reflects weak immunoreactivity of Kir4.1 in TALs. The immunoreactivity of Kir4.1 might be too weak to be discriminated by the enzymatic detection method used in the previous report.
The present study demonstrates that Kir5.1 colocalizes with Kir4.1 in all these distal tubules including TALs. Because we already showed the interaction of Kir5.1 with Kir4.1 in the kidney at the protein level using the immunoprecipitation method (20) , the result of the present study indicates expression of a Kir5.1/Kir4.1 heteromer near the basolateral side of these distal tubules. We recently reported the channel properties of native K ϩ channels expressed on the basolateral membrane of DCT (11) . Most channels showed properties that resemble those of a Kir5.1/Kir4.1 heteromer but not a Kir4.1 homomer; e.g., 1) a large single-channel conductance, 2) short open times and long closed times, and 3) a high sensitivity to intracellular pH. The similarity of electrophysiological characters of basolateral K ϩ channels of DCT to a Kir5.1/Kir4.1 heteromer supports the notion that a Kir5.1/Kir4.1 heteromer is expressed on the basolateral membrane of distal tubules.
TALs and DCT are the nephron segments where sodium reabsorption takes place. In these nephron segments, Na ϩ -K ϩ -ATPase drives sodium reabsorption and Kir channels are thought to assist sodium reabsorption by excluding potassium ions that enter into tubular cells in the process of sodium reabsorption. The channel activity of Kir channels would therefore affect the sodium transport in these nephron segments. Because the channel activity of the Kir5.1/Kir4.1 heteromer is regulated by intracellular pH within the physiological range (20, 23, 24) , systemic acid-base derangement would affect sodium reabsorption in these nephron segments. As seen in the case of loop and thiazide diuretic usage, which inhibit sodium reabsorption from TALs and DCT, respectively, increased delivery of sodium to collecting ducts induces proton excretion into urine. Therefore, from the teleological point of view, the expression of a Kir5.1/Kir4.1 heteromer in TALs and DCT is appropriate for the kidney to regulate an acid-base balance. In the conditions of acidemia, sodium absorption was reduced by inhibition of Kir channel activity. The consequent increase in sodium delivery to the collecting ducts contributes to exclusion of excess protons. The reverse process would take place under the conditions of alkalemia. In this way, a Kir5.1/ Kir4.1 heteromer may be involved in renal compensatory mechanisms to maintain the systemic acid-base homeostasis.
Previously, RT-PCR analysis on dissected nephron segments of human kidney detected Kir5.1 mRNA expression in PCT (5). In addition, using an anti-Kir5.1 antibody raised against a different part of Kir5.1 from ours, positive immunostaining of Kir5.1 had been reported in rat PCT (23) . In the present experiment, we could not detect Kir5.1 expression in PCT of rat kidney by both RT-PCR and immunostaining analyses. We cannot explain these discrepancies precisely. However, these may be attributable to differences in the species used, the sample preparations, the primers used for RT-PCR, and the quality of antibodies.
Using MDCK cells as a model of renal epithelia, we analyzed the underlying mechanism to form a functional Kir5.1/ Kir4.1 heteromer. As in the case of PSD-95, which induced cell-surface expression of Kir5.1 in HEK293T cells (19) The intracellular distribution of mutant channels in MDCK cells may indicate that Kir4.1 but not Kir5.1 contains several signals for intracellular transport to the cell surface. Proteins that are destined for cell-surface expression are transported through the intracellular transport system including the Golgi apparatus. Because the Golgi apparatus locates around the nucleus, the perinuclear clustered localization of Kir4.1⌬CT3 may indicate that three COOH-terminal amino acids (SNV) are necessary for cell-surface expression but not for the transport to the Golgi apparatus. Because the COOH-terminal SNV is a PDZ domain-binding motif (4, 16) , some member(s) of anchoring proteins containing these domain(s) are candidates that determine the cell-surface localization of Kir channels in MDCK cells and renal distal tubules. Although the expression of PSD-93, a member of the PDZ domain-containing anchoring proteins that was reported to be expressed on the basolaterel side of renal distal tubules (22) , was detected in MDCK cells, there was no direct interaction between Kir4.1 and PSD-93. Therefore, some other member(s) of the PDZ domain-containing anchoring proteins may be involved in basolateral localization of Kir channels in renal distal tubules and MDCK cells.
The diffuse distribution of Kir4.1⌬CT105 in the cytoplasm indicates that some signal(s) in the COOH-terminal 102 amino acids (from -4 to -105 from the COOH end) is responsible for intracellular transport of Kir4.1 from ribosome to Golgi apparatus. Several different intracellular localization signals of membrane proteins have already been reported (2, 12) . Many of these signals are characteristic arrays of amino acid sequence that exist on the cytoplasmic domains of membrane proteins. Among these signals, the tyrosine-based motif and di-leucine motifs were recognized to function as intracellular transport signals for basolateral targeting (2, 6, 13) . In COOHterminal 102 amino acids (-4 to -105), Kir4.1 contains several sequences that resemble these motifs. We could not clarify which of these motifs determined intracellular transport of a Kir5.1/Kir4.1 heteromer. Several motifs among them may cooperatively take part in intracellular transport (2, 12) . Both of the basolateral targeting and the anchoring signals should be necessary for the efficient basolateral localization of a Kir5.1/ Kir4.1 heteromer in the epithelium of distal tubules.
In conclusion, Kir5.1 was expressed near the basolateral side of distal tubules from MTAL to the early segment of CCD. In these distal tubules, Kir5.1 is postulated to exist as a Kir5.1/ Kir4.1 heteromer, an intracellular pH-regulated K ϩ channel, and the cytoplasmic COOH-terminal portion of Kir4.1 presumably determines the intracellular localization of this heteromer. 
